Background: Mechanical valves and bioprostheses are widely used for aortic valve replacement. Though previous randomised studies indicate that there is no important difference in outcome after implantation with either type of valve, knowledge of outcomes after aortic valve replacement is incomplete. Objective: To predict age and sex specific outcomes of patients after aortic valve replacement with bileaflet mechanical valves and stented porcine bioprostheses, and to provide evidence based support for the choice of prosthesis. Methods: Meta-analysis of published results of primary aortic valve replacement with bileaflet mechanical prostheses (nine reports, 4274 patients, and 25 726 patient-years) and stented porcine bioprostheses (13 reports, 9007 patients, and 54 151 patient-years) was used to estimate the annual risks of postoperative valve related events and their outcomes. These estimates were entered into a microsimulation model, which was employed to calculate age and sex specific outcomes after aortic valve replacement. Results: Life expectancy (LE) and event-free life expectancy (EFLE) for a 65 year old man after implantation with a mechanical valve or a bioprosthesis were 10.4 and 10.7 years and 7.7 and 8.4 years, respectively. The lifetime risk of at least one valve related event for a mechanical valve was 48%, and for a bioprosthesis, 44%. For LE and EFLE, the age crossover point between the two valve types was 59 and 60 years, respectively. Conclusions: Meta-analysis based microsimulation provides insight into the long term outcome after aortic valve replacement and suggests that the currently recommended age threshold for implanting a bioprosthesis could be lowered further.
M echanical valves and bioprostheses are common valve types used in aortic valve replacement. 1 2 However, both are known to have inherent advantages and disadvantages. Mechanical valves, for example, offer long term durability but are thrombogenic, necessitating life long anticoagulation that carries an increased risk of haemorrhage. In contrast, bioprostheses are less thrombogenic, which in most patients obviates the need for long term anticoagulant agents; however, their propensity to undergo structural valvar deterioration (SVD) limits their durability. 3 The risk of haemorrhage with mechanical valves and the risk of SVD in bioprostheses are age dependent, the first increasing and the latter decreasing with advancing age. 4 5 Consequently, the choice between a mechanical valve and a bioprosthesis for a given patient undergoing aortic valve replacement involves striking a balance between the risks and benefits of each valve type. Thus a knowledge of the outcomes after aortic valve replacement for each type of valve could assist surgeons in their choice of valve. Microsimulation and associated simulation techniques are capable of providing insight into outcomes after aortic valve replacement. We therefore combined meta-analyses of several clinical studies with microsimulation to study the outcomes of patients after aortic valve replacement with bileaflet mechanical valves and stented porcine bioprostheses.
METHODS

Meta-analysis
We conducted a literature search of the Medline database using the PubMed search interface to identify reports which considered the following valves: St Jude Medical (SJM) bileaflet valves, ''standard'' and ''haemodynamic plus'' models (St Jude Medical Inc, Minneapolis, Minnesota, USA); Carpentier-Edwards ''standard'' and ''supra-annular'' valves (Baxter Healthcare Corporation, Chicago, Illinois, USA) or Hancock ''standard,'' ''modified orifice,'' and ''Hancock II'' valves (Medtronic Inc, Minneapolis, Minnesota, USA). The MeSH terms in combination with the text words ''St Jude'' for the mechanical valves and ''stented,'' ''Hancock,'' ''Carpentier-Edwards,'' or ''modified orifice'' for the bioprostheses, respectively, were used for the search. The search was limited to the period January 1990 to October 2001 and to the English language. The title and abstracts of the studies obtained were screened for those that examined outcomes following aortic valve replacement. References in these reports were cross checked for other relevant studies. This resulted in 76 published reports for mechanical valves and 68 for bioprostheses. The following criteria for each valve type were then stipulated in order to obtain homogeneous groups of studies: Studies that had overlapping patient populations were excluded. Finally, nine reports on St Jude Medical mechanical valves 4 8-15 and 13 reports on stented porcine bioprostheses 8 16-27 were selected. Heterogeneity in the selected publications was investigated by sensitivity analysis. Morbidity and mortality data on valve related events were obtained from these selected reports (see the appendix).
Microsimulation
The data on valve related events obtained from the metaanalysis were entered into a microsimulation model. This is a computer application that simulates the remaining lifetime of a given patient, taking into account all morbidity and mortality events and sequences of events that the patient might experience after aortic valve replacement. The basic structure of the model is shown in fig 1. The microsimulation model assumes that after aortic valve replacement a patient follows a course over time that can be adequately characterised by various discrete states. After aortic valve replacement, the patient can either die as a result of the operation, or can remain alive. The mortality of a patient who remains alive after aortic valve replacement is greater than that of a matched individual in the general population. This extra or excess mortality in the patient compared with a matched person in the general population reflects valve related events and ''additional mortality'' associated with the underlying valve pathology, left ventricular function, and the valve replacement procedure per se. 28 The model incorporates the mortality experience of the general population, called the background mortality, by means of life tables of the relevant population (for example, American men). Mortality from valve related events is incorporated using the data obtained from the meta-analysis. The ''additional mortality'' experienced by patients having aortic valve replacement is not clearly defined or estimated at present. Thus we estimated age and sex specific hazard ratios to represent the effect of the ''additional mortality''. This was done by approximating age and sex specific survival curves produced by the model-which contained the background mortality and the mortality from valve related events-to the corresponding empirical curves obtained from published reports, 20 which contained all three components of mortality. Hazard ratios of 2.9, 1.8, 1.2, and 0.8 were estimated for male patients aged 45, 55, 65, and 75 years, respectively.
The model calculates patient outcomes by superimposing the morbidity and mortality estimates of valve related events on the background mortality and additional mortality incorporated in the model. Ten thousand simulations of a given patient create a ''virtual'' patient population-that is, a cohort of patients with identical characteristics but with all possible outcomes after aortic valve replacement. From this large cohort of identical patients, the model calculates the average life expectancies and lifetime risks of valve related events for that given patient. A detailed account of the microsimulation structure and methodology has been supplied previously. 29 
Validation
To assess the agreement between age and sex specific model calculations and the corresponding true life experience of patients with aortic valve replacements, the results of the model were compared with the long term outcomes of patients in large datasets from Portland, Oregon, USA 30 and the United Kingdom Heart Valve Registry (UKHVR), UK. 31 The Portland dataset, from St Vincent Heart Institute, Portland, Oregon, contains 30 years of follow up data on patients who underwent aortic valve replacement with the Starr-Edwards mechanical prosthesis and the CarpentierEdwards ''standard'' bioprosthesis, and includes data on age, sex, and CABG. The UKHVR, which is based at the Hammersmith Hospital, London, is a computerised database that prospectively collects data on heart valve replacement surgery carried out in all cardiac centres throughout the UK. These include certain preoperative, implant, and postoperative data matched against individual patient demographics. All patients are followed up through the national agencies responsible for registering all deaths of UK nationals. The 15 year follow up data on bileaflet mechanical valves and stented porcine bioprostheses were used for the validation. 
Sensitivity analysis
A one way sensitivity analysis was conducted to investigate the effect of uncertainty in parameter estimates. Variation in the estimates of the valve related events by their 95% confidence intervals resulted in very small variations in the life expectancies. Hence we defined larger ranges by increasing and decreasing the baseline estimates by 25%. For SVD, the median time to SVD was varied by 10%.
RESULTS
Meta-analysis
The nine selected reports on St Jude Medical mechanical valves comprised 4274 patients and a total follow up of 25 726 patient-years. The 13 reports on stented porcine bioprostheses included 9007 valve recipients and 54 151 patient-years of follow up. The mean age was 59.1 and 65.4 years, respectively. Approximately 65% of patients in both groups were male (tables 1 and 2). The incidence of valve related events and their outcomes are given in table 3. The most frequent events were thromboembolism and haemorrhage in the mechanical valves, and thromboembolism and SVD in the bioprostheses. The incidence of endocarditis was 3.9% and 3.2% during the initial six months after implantation of mechanical and bioprostheses, respectively.
Microsimulation
The microsimulation model calculates total life expectancy and event-free life expectancy (EFLE) following aortic valve replacement with mechanical valves and bioprostheses for patients of either sex and of different ages. We give the results for male patients. For a 65 year old man, for example, life expectancy was 10.4 and 10.7 years and EFLE was 7.7 and 8.4 years, respectively, after implantation with a mechanical valve and a bioprosthesis. Comparisons of life expectancy and EFLE are shown in fig 2. When considering life expectancy and EFLE, the age crossover points between the two valve types were 59 and 60 years, respectively.
The lifetime risks of the more common valve related events are depicted in fig 3. As seen in fig 3A, the lifetime risk of SVD following a bioprosthesis reduces with advancing age at implantation, and is about 10% for a 75 year old patient. For the mechanical valves, the decreasing risk of thromboembolism with advancing age at implantation, concomitant on a decreasing life expectancy, is opposed by an increasing risk of haemorrhage ( fig 3B) . When considering the lifetime risk of experiencing at least one valve related event, the age crossover point for aortic valve replacement was 63 years.
Validation
The results from our model for male patients of different ages and for both valve types were compared with the corresponding long term survival data from Portland, Oregon. 30 The overall agreement was favourable (fig 4, panels A and B). Applying the UK background mortality estimates, we also compared model outputs with the 15 year experience of the UKHVR. 31 Interestingly, the UK patients appeared to have a better survival. For example, when the model output for a 62 year old man who received a bioprosthesis was compared with a similar group of 60-65 year old men in the UKHVR, the 15 year survival calculated by the model was 36%, as compared with 47% (40-53%) in the UKHVR.
Sensitivity analysis
The EFLE for a 60 year old man and the corresponding age crossover point between the two valve types, for extreme values of some selected valve related events, are given in table 4. A change in the risk of SVD was shown to have the largest influence on EFLE and the age crossover point. 
DISCUSSION
Simulation methods are widely used in operations research and management science. 32 A well known example of a simulation program is the flight simulator in the aviation industry. Although not commonly used in clinical medicine, simulation models have been used previously to determine the prognosis of patients after aortic valve replacement. 33 34 We have designed a microsimulation model which calculates the outcomes of patients after aortic valve replacement. Compared with standard statistical techniques, the added value of microsimulation is that it allows modelling of the complex outcome pathways resulting from the many simultaneous risks, and provides detailed insight into the outcomes of patients following valve replacement, deducible to the individual patient. The structure of the model incorporates a schematic representation of the lives of patients with aortic valve replacement (fig 1) and, in principle, the model can be applied to any valve type. For this analysis, data from meta-analysis of published reports were incorporated into the model to predict the outcomes of patients after aortic valve replacement with bileaflet mechanical valves and stented porcine bioprostheses, respectively.
Ideally for simulation methodology, a comprehensive dataset should be available. This dataset should contain detailed information on a wide range of patients, including data on all valve related events and long term follow up. However, such a database is hard to assimilate and is not available at present. Hence we pooled empirical data and quantified estimates required to parameterise the model. An advantage of pooling data was that it represented the experience of many institutions and countries and thereby enhanced the generalisability of the results. We selected the St Jude Medical valve, a bileaflet low profile prosthesis, to represent the mechanical valves. It is one of the most commonly implanted mechanical prostheses at present. 1 We further selected five types of stented porcine bioprosthesis, both first and second generation, to represent the bioprostheses. No overt differences in the performance of these valves have been documented in published reports. The actuarial method and the Kaplan-Meier analysis have been used in many studies to estimate the survival of patients after aortic valve replacement. However, when applied to non-fatal complications such as SVD, the risk described is what patients would experience provided they were immortal, and answers the hypothetical question ''what is the risk of the event if no patient ever died?''. A more relevant estimate is the actual percentage of patients who will experience an event before they die. Estimation of the cumulative incidence-termed ''actual'' analysis in the cardiac literature-has recently gained interest. 39 This method modifies the survival estimate to exclude future events attributed to already dead patients, and answers the question ''what is the lifetime risk of the event?''. The microsimulation model provides estimates of the lifetime risk of valve related events (fig 3, panels A and B) . Thus, for example, a 65 year old man would have a 48% risk of experiencing at least one valve related event if he had a mechanical valve replacement, compared with 44% if he had a bioprosthesis. The age crossover point was 63 years. As depicted in fig 3, panels A and B, the crossover point in overall valve complications follows the increasing risk of haemorrhage with advancing age of implantation in mechanical valves, balanced against the decreasing risk of SVD with advancing age in bioprostheses.
35-38
The model predicted a life expectancy of 10.4 and 10.8 years, respectively, for a 65 year old man following implantation with a mechanical valve and a stented bioprosthesis. Considering life expectancy, the age crossover point between either valve type was 59 years. This result concurs well with the results of Birkmeyer and colleagues, 33 who used a Markov state transition model to simulate the prognosis of patients with aortic valve replacement. They obtained a crossover point of 60 years. The microsimulation model also calculates the EFLE after aortic valve replacement. For the 65 year old male patient, for example, the model predicted an EFLE of 7.7 and 8.4 years, respectively, for mechanical valves and bioprostheses. Considering EFLE, the age crossover point between either valve type was 60 years.
Results from previous randomised studies 40 41 and another long term prospective study 4 indicate that there is no significant difference in outcome after implantation with mechanical valves and bioprostheses. The American College of Cardiology and the American Heart Association guidelines 3 recommend a bioprosthesis for patients > 65 years of age who do not have risk factors for thromboembolism, based on the reduced risk of SVD and the increasing risk of haemorrhage above this age. Our results suggest that, contrary to current recommendation, a bioprosthesis can be considered for patients under 65 years of age. New strategies being developed to retard mineralisation of xenograft valves 2 -with, one hopes, a concomitant reduction in SVD risk-would further support reduction of the 65 year old threshold. Nevertheless, patient related factors including *The plausible range was defined by increasing or decreasing the baseline estimates for thromboembolism, haemorrhage, and endocarditis by 25%. For SVD, the median time to SVD was varied by 10%.
ÀThe event-free life expectancy (EFLE) calculated by the model was 8.9 years for a 60 year old man with baseline estimates. The age crossover point between mechanical valves and bioprostheses was 60 years for EFLE at baseline analysis. 1Data from another study 5 were used to model haemorrhage in mechanical valves. The baseline risk was varied for this analysis. bio, bioprosthesis; mech, mechanical valve; SVD, structural valvar deterioration.
individual hazards for valve related events (for example, increased risk of bleeding), patient preference, type of surgery, and health care delivery factors also need to be considered in the decision making process for valve choice in the individual patient. 42 The long term results for mechanical valves and bioprostheses, calculated using our model, agreed with the corresponding long term follow up data from Portland, Oergon 30 ( fig 4, panels A and B) . However, for most age groups, the British patients 31 appeared to have a somewhat better survival than the model results and the American patients. The smaller number of patients in the UK data during the latter part of follow up might account for this discrepancy. If systematically different criteria (New York Heart Association (NYHA) class, timing of surgery, and so on) were used in the selection of patients in the UK as compared with the USA, the ''additional mortality'' (see appendix) of the British patients could differ from their counterparts in the USA. The ''additional mortality'' inherent in patients with aortic valve replacement is incorporated into the model by means of age specific hazard ratios, and hence different hazard ratios may be required to model the UK patients.
Limitations of the model included certain structural adjustments made with respect to the valve related events. For example, valve thrombosis, thromboembolism, and nonstructural dysfunction was assumed to carry constant hazards. The risk of endocarditis was assumed to be constant during the early and late phases. These hazards may in fact be time and age dependent, and hence further knowledge is necessary to address these assumptions. Survival after aortic valve replacement has also been shown to depend on preoperative cardiac rhythm, the type of valve lesion, concomitant CABG, and NYHA functional status. 43 Although the model incorporates these factors non-specifically by means of hazard ratios, it cannot determine the individual influence of these factors on overall survival. At present, the model can only predict outcome for an average risk profile. However, we are currently incorporating CABG into the model. Ultimately, we envisage the introduction of a user friendly microsimulation model on the internet, which could be used as a bedside tool by the cardiologist or surgeon. This microsimulation methodology could also find application in other fields of medicine.
Conclusions
We have described the use of microsimulation to provide insight into age and sex specific long term outcomes after aortic valve replacement. We suggest that the currently recommended age threshold for implanting a bioprosthesis could be lowered further.
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Input microsimulation model
VALVE RELATED EVENTS
The annual hazards of valve thrombosis, thromboembolism, and non-structural dysfunction (NSD) were considered to be constant over time. Weighted pooling was used to obtain combined estimates of the linearised annual occurrence rates (LOR) for these events. The estimates for endocarditis, and for SVD in bioprostheses, were obtained by pooling the respective freedom-from-event curves. 44 The risk of endocarditis was assumed to take two phases of constant hazard, with the hazard during the first six months greater than the subsequent period. Therefore, we fitted two-period exponential models to the pooled freedom-from-endocarditis curves of the two valve types.
The risk of SVD in bioprostheses depends on the time elapsed since valve replacement and the age of the patient at implantation. This relation is well described by a Weibull model. 45 The Weibull model is a generalisation of the exponential distribution, which incorporates an additional shape parameter. The shape parameter reflects the changing risk of SVD over time. We estimated the shape parameter from the pooled freedom from SVD curve and calculated the age effect from another selected study. 20 The formula for freedom from SVD is: S(t) = e 2(t/s)'b where S(t) indicates the probability of remaining free from SVD at time t, while s and b denote the scale and shape parameters of the model. The value of s depends on age: s = e 2.21+0.0112 * age while b = 3.35.
With these parameters, the median time to SVD was 15.1, 16.8, and 18.8 years, respectively, for 55, 65, and 75 year old male patients. As per meta-analysis, a zero risk of SVD was assigned for the mechanical valves.
Incorporating data from a previous study, 5 haemorrhage after aortic valve replacement with mechanical valves was modelled using the Gompertz distribution, which takes into account the exponentially increasing hazard of that event with patient age. Mortality and reoperation rates associated with individual valve related events was also estimated (table 3) .
OPERATIVE MORTALITY
Operative mortality was estimated at 1.5% for a 40 year old male patient, increasing with odds ratios of 1.022 per year and 1.7 with every reoperation.
